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Open access under CC BY-NThis paper investigates the deformation and failure mechanisms of wood at the ultrastructural scale. At 
this level, wood is comp osed of a periodic alternation of amorphous and crystalline cellulose fractions,
embedd ed in a soft hemicellulose-lignin matrix. The mechanical response of wood is calculated under 
tensile loading conditions by means of the computational homogeni sation of a representative volume 
element (RVE) of material. Three potential mechanisms of failure are suggested: axial straining of the 
crystalline fraction of cellu lose, accumulation of plastic strain in the amorphous portion of cellulose 
and tensile rupture in the hemicellulose- lignin matrix due to cellulose ﬁbres separation. In order to val- 
idate the present multi- scale framework, we compare our numerical predictions for the reorientation of 
cellulose ﬁbres with experimental data, ﬁnding a good agreement for a wide range of strains. Further- 
more, we assess successfully our numerical predictions for ultimate strains at the instant of failure when 
comp ared to experimental values. Numerical simulations show that our model is able to provide new 
clues into the understanding of how trees and plants optimise their mic rostructure in order to develop 
larger strains without apparent dama ge. A remarkable prediction by our model suggests that the exten- 
sibility of the material is maximised for initial microﬁbril angles (MFA) between 50  and 55, a range of 
values found typically in branches of trees, in which the extensibility is an essential requirement. These 
ﬁndings are likely to shed more light into the dissipative mechanisms of wood and natural materials,
which are still not well-understood at present.
 2013 Elsevier Ltd.    Open access under CC BY-NC-ND license.1. Introduction 
Wood microstru cture can be understood as the result of an opti- 
misation process developed by nature over hundreds of millions 
years of evolution. One of its main features is its hierarchical nat- 
ure distributed across multiple spatial scales (Gibson, 2012 ), from 
submicromete r dimensions to macroscopic scales. This important 
feature has been a subject of intensive research over the last few 
years in applied and computational mechanics circles (Holmberg
et al., 1999; Hofstetter et al., 2005; Hofstetter et al., 2007; Qing 
and Mishnaevsky, 2009; Qing et al., 2009; Qing and Mishnaevsky,
2010; Saavedra Flores et al., 2011; Qing and Mishnaevs ky, 2011 ).
Nevertheles s, despite the increasing interest in this subject and 
the considerable effort devoted to its description, the complete 
understand ing of the deformation and failure mechanisms of this 
material at very small scales, and their implication s on the macro- 
scopic response, is still an issue which remains open at present.l Engineering Centre, College 
, Swansea SA2 8PP, United 
2 295157.
dra Flores).
C-ND license.The constituti ve description of wood at several scales has been 
widely investigated by means of computati onal multi-scale consti- 
tutive models. In the context of elastic response, several works 
have been presented. Holmber g et al. (1999) studied the mechan- 
ical behaviour of wood by means of a homogenisati on-based mul- 
ti-scale procedure, incorporating growth rings, irregularity in the 
shape of cells and anisotropy in the layered structure of cell-walls.
Rafsanjan i et al. (2012) investiga ted the hygro-mechani cal behav- 
iour of growth rings by means of the computational homogen isa- 
tion of wood at two scales. Persson et al. (2000) proposed models 
for the stiffness and moisture- shrinkage properties of wood,
encompas sing from the scale of chemical constituents to growth 
rings. Hofstetter et al. (2005, 2007) suggested ﬁve elementary 
phases for the mechanical characterisa tion of wood. These were 
hemicellul ose, lignin, cellulose, with its crystalline and amorpho us 
portions, and water. They proposed a multi-scale model and vali- 
dated their numerical predictions with experimental data. Qing
et al. (2009, 2010) proposed a model taking into account several 
scale levels and investigated the inﬂuence of microﬁbril angles,
shape of the cell cross-section and wood density on the elastic 
propertie s of wood. Recently, Qing and Mishnaevsky (2011) ex-
tended their model by incorporating progressive damage to the 
homogen ised elasticity matrix. Sedighi-Gila ni and Navi (2007)
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and the inﬂuence of non-uniform microﬁbril angles on the stiffness 
of wood cells. Additional works in this ﬁeld can be found, for in- 
stance, in reference Mishnaevsk y and Qing (2008).
In spite of this extensive work, a review of the current literature 
shows that little research has been done in the context of irrevers- 
ible processes and microscopic dissipativ e phenomena taking place 
in wood at several scales. In reference Saavedra Flores et al. (2011),
the authors investigated the non-linear irreversible behaviour of 
wood cell-walls. By adopting a ﬁnite element- based computational 
multi-scale approach , it was shown that one important mechanism 
of dissipation under tensile loading is the shear irreversible defor- 
mation in the hemicellulos e-lignin matrix due to the reorientatio n
of cellulose ﬁbres induced by their alignmen t with respect to the 
loading direction. This mechanism of deformation was observed 
experimental ly in wood tissue and individual wood cells undergo- 
ing large shear deformat ions in the hemicellul ose-lignin matrix 
(Keckés et al., 2003 ). These authors (Keckés et al., 2003 ) showed 
how wood tissue and individual cells are able to undergo large 
deformation s without apparent damage and also proposed a recov- 
ery mechanis m after irreversible deformation, interpreted as a
stick–slip mechanism at the molecula r level. The authors suggested 
that this mechanism might be mediated by hemicelluloses , but 
could not distinguishe d whether the mechanism occurs at the 
interface between cellulose and hemicellul oses, or between the 
links of hemicellulos es.
Due to its relevance in the macroscopic mechanical response of 
wood and wood-based materials, our main objective in this paper 
is to investigate the ultrastructu ral mechanis ms of deformation 
and failure in wood under tensile loading condition s by means of 
a computati onal multi-sca le approach. We remark here that, in ref- 
erence Saavedra Flores et al. (2011), the numerical results were re- 
stricted to the assumption of undeformabl e cellulose ﬁbres in the 
deﬁnition of the strain path imposed at the wood cell-wall scale.
Such an assumption is accurate enough for initial microﬁbril angles 
close to 45 , and for small to moderate levels of strains. However , it 
could be questionable how accurate this approach is for very large 
strains and for different initial orientati on of cellulose ﬁbres in 
which the assumption of inextensibil ity is not longer valid. In this 
paper, however, this drawback is circumve nted without need of 
assuming undeformable ﬁbres. We study the local mechanisms 
of deformat ion in wood and we extend the possible modes of fail- 
ure to a wide range of initial orientation of ﬁbres. Here, we study 
the failure mechanism s associated with axial straining of the crys- 
talline cellulose fraction, accumulation of irreversible deformation 
in the amorphous portion of cellulose and tensile rupture in the 
hemicellulos e-lignin matrix due to cellulose ﬁbres separation.
We validate the present model by comparing our numerical pre- 
dictions for the reorientation of cellulose ﬁbres and for the strains 
at the instant of failure with experimental data for wood under 
tension.
Due to the highly non-linear nature of the phenomena taking 
place at the ultrastructu ral scale, we remark that all the aspects 
of modelling discussed here take into account non-linear kinemat- 
ics and dissipative response of the material under a large strains 
regime.
The paper is organised as follows. Section 2 presents a brief re- 
view of the mechanics and structure of wood at the ultrastructu ral 
scale. Section 3 reviews the adopted homogenisati on-based multi- 
scale theory in continuum form. In Section 4, the two-dimensional 
multi-scale ﬁnite element model is described in detail. The valida- 
tion of the model is presente d in Section 5 by comparing our 
numerical predictions with experime ntal data. Section 6 shows
the numerical results obtained from the present multi-scale frame- 
work. Finally, Section 7 summari ses our main conclusio ns.2. Mechani cs and structure of wood at the ultrastructu ral scale 
At the ultrastructu ral scale (Fengel et al., 1989; Harada and 
Côté, 1985; Neagu et al., 2006 ), the wall of wood cells contains 
three fundamental constituents: cellulose, hemicellulose and lig- 
nin. These constituents form a spatial arrangement called microﬁ-
bril which can be represented as a periodic unit building block of 
rectangu lar cross-section (refer to Fig. 1).
Cellulose, hemicellulos e and lignin constitute approximat ely 
30%, 32.5% and 37.5%, respectivel y, of the total volume of wood sub- 
stance for compression wood cells (Timell, 1982; Timell, 1986;
Saavedra Flores et al., 2011 ). The cellulose is a long polymer com- 
posed of glucose units which is organised into periodic crystalline 
and amorphous regions along its length (Andersson et al., 2006;
Haslach, 1996; Saavedra Flores et al., 2011; Smith et al., 2003 ) (refer
to Fig. 1 for a representat ive portion of this periodic amorphous- 
crystalline cellulose arrangement). This periodic arrangement is 
further covered by an outer surface made up of amorphous cellulose 
(Xu et al., 2007 ). An average thickness of 3.6 nm can be considered 
for the (amorphous-crystalline) cellulose (Donaldson and Singh,
1998), with 3.2 nm for its internal crystalline fraction (Andersson
et al., 2004 ). In consequence, a 0.2 nm thick layer of amorphous cel- 
lulose can be assumed at the surface of the crystalline-am orphous 
core. A mean length of the crystalline fraction of cellulose can be ta- 
ken as 36.4 nm (Andersson et al., 2006 ). A length of 18.9 nm can be 
assumed for the amorphous cellulose between two consecut ive 
crystalline units (Andersson et al., 2006 ). The (volumetric) degree 
of crystallinity is deﬁned as the ratio between the volume of crystal- 
line cellulose and the total volume of (crystalline and amorphous)
cellulose. Normally, its value varies between 0.49 and 0.60 in wood 
cells of Scots pine and Norway spruce, with an average value of 0.52 
(Andersso n et al., 2004 ).
The Young’s modulus of the crystalline cellulose in the longitu- 
dinal direction and its Poisson’s ratio are E ¼ 134 GPa (Salmén,
2004; Bergander and Salmén, 2002 ) and 0.1 (Salmén, 2004; Berg- 
ander and Salmén, 2002; Mark, 1967 ), respectivel y. The Young’s 
modulus in the transversal direction is 27.2 GPa (Salmén, 2004;
Bergander and Salmén, 2002; Mark, 1967 ). For latewood samples 
of mature wood (Norway spruce), the longitudina l tensile fracture 
strain reported for cellulose crystallites is 0.14% strain (Peura et al.,
2007). The authors in reference Peura et al. (2007) also reported a
purely elastic behaviour for this crystalline fraction. We also note 
that crystalline cellulose is largely impenetrab le by water (Klemm
et al., 1998 ).
The amorphous cellulose portion can be modelled isotropically 
due to its random molecular distribution , with a Young’s modulus 
of E ¼ 10:42 GPa and a Poisson’s ratio of 0.23 (Chen et al., 2004 ). If 
we take a value for the yield strain equal to 0.01 (estimated from 
reference Chen et al. (2004)), we can assume a value of 
ry ¼ 0:104 GPa for the yield stress of amorphous cellulose. In rela- 
tion to the ultimate strain of amorphous cellulose, little informa- 
tion has been reported. Nevertheles s, in reference Chen et al.
(2004), the authors calculated cavity volume fractions (related to 
voids formation) in different amorphous cellulose models under 
straining, in order to estimate measures of breaking strains. By 
means of molecular simulations , they showed that for amorphous 
cellulose with 16% water, almost zero cavity volume fraction was 
formed for tensile strains up to 10%, and about 0.5% volume frac- 
tion for 15% strain. Since these authors related the cavity size with 
failure of the polymer, we can conclude that large levels of strains,
possibly between 10 and 15%, are needed for the failure of the 
amorpho us cellulose. Therefore, a value of fracture strain equal 
to 14% seems to be reasonable. As shall be seen later, the adoption 
of this value will result in numerical predictions consistent with 
experime ntal observations .
Fig. 1. Schematic representation of the microﬁbril and basic constituents. The cross-section on the left of the ﬁgure shows the crystalline cellulose in the centre covered with 
an outer surface layer made up of amorphous cellulose (Xu et al., 2007 ), embedded in the hemicellulose-lignin matrix (Nilsson and Gustafsson, 2007 ). The longitudinal view 
on the right illustrates a typical periodic arrangement of crystalline and amorphous cellulose along the length of the microﬁbril.
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units, with mechanical properties highly sensitive to moisture 
changes. Despite its partially aligned molecular structure, it can 
be modelled isotropically (Nilsson and Gustafsson, 2007 ). Its 
Young’s modulus and Poisson’s ratio are 0.04 GPa and 0.2 under 
moist condition s, and are obtained from Salmén (2001, 2004)
(unfortunately, this author did not specify the exact moisture con- 
tent corresponding to these mechanical properties). Lignin is an 
amorphous polymer whose purpose is to cement the individual 
cells together and to provide shear strength. It is the most hydro- 
phobic component in the cell-wall, with relatively stable mechan- 
ical propertie s under moisture changes. Its amorpho us structure 
makes possible the assumption of isotropy, with a Young’s modu- 
lus and Poisson ratio of 1.56 GPa and 0.3, respectivel y (Salmén,
2004; Saavedra Flores et al., 2011 ). Since cellulose (with its crystal- 
line and amorphous portions) is the main constituent in the wood 
cell-wall and is far stiffer than lignin and hemicellulose, it is as- 
sumed here that the distribution of the hemicellulose and lignin 
in the surrounding matrix is not important. Therefore, it is possible 
to adopt a single equivalent material for the description of the lig- 
nin-hemice llulose matrix (Nilsson and Gustafsson, 2007 ). By con- 
sidering the above volume fractions and Young’s modulus for 
hemicellulos e and lignin, it is straightforwar d to obtain by the rule 
of mixtures a Young’s modulus E ¼ 0:854 GPa and a Poisson’s ratio 
0.25 for the equivalent matrix under moist conditions. From pub- 
lished data (Fratzl et al., 2004; Saavedra Flores et al., 2011 ), its 
equivalent yield stress can be taken as ry ¼ 0:019 GPa. In reference 
Keckés et al. (2003), the authors showed how the hemicellulos e- 
lignin matrix in wood tissue and in individual cells undergoes large 
shear strains without apparent damage. This self-healing mecha- 
nism present in wood cells allows the assumpti on of no limit for 
the maximum shear strain in the hemicellulose- lignin matrix. Nev- 
ertheless, a maximum tensile strain of 15% can be adopted for the 
matrix (Altaner and Jarvis, 2008; Jarvis and assembly, 2009 ), as a
limit strain for the separation between cellulose microﬁbrils.
The speciﬁc orientation of microﬁbrils with respect to the longi- 
tudinal cell axis is called the microﬁbril angle (MFA) and is one of 
the most important paramete rs controlling the balance between 
stiffness and ﬂexibility in trees. Depending on the MFA and propor- 
tion of constituents, the wood cell-wall can be divided into at least 
ﬁve sub-layers, from which the most important ones (from the 
structural point of view) are the S1; S2 and S3-layers. In the S1-layer,
the MFA has been reported to be very close to 90  (Brändström,
2004) in Norway spruce samples. In the S2-layer, the MFA takes 
values normally between 10  and 40  in earlywood cells and be- 
tween 0 and 30  in latewood cells (Qing et al., 2009; Fengel and 
Wood as basic material for isolation of cellulose, 1969; Dinwoodie,
1981; Sahlberg et al., 1997; Schniewind, 1989 ). In the S3-layer, the 
values ﬂuctuate between 60 and 90  for both types of cell (Qing
and Mishnaevsky, 2010 ). In compression wood cells, the MFA varies between 50  and 60  (Burgert et al., 2002; Sedighi-Gilani et al.,
2005). For further informat ion about the morphology and compo- 
sition of wood at the ultrastructural scale, we refer, for instance, to 
Kollman and Côté (1968), Dinwood ie (1981), Bodig and Jayne 
(1982), Salmén (2001, 2004) and Smith et al. (2003).
3. Homogenisa tion-based multi-scale constitutive theory at 
large strains 
The point of departure of the present family of large strain mul- 
ti-scale constitutive theory of heteroge nous solids is that the defor- 
mation gradient F at any arbitrary point x of the macroscopic 
continuu m is the volume average of the microscopic deformat ion 
gradient ﬁeld Fl deﬁned over a local RVE. Similarly , the macro- 
scopic or homogenised ﬁrst Piola-Kirchoff stress tensor ﬁeld P, at 
the point x, is assumed to be the volume average of the micro- 
scopic ﬁrst Piola-Kirchoff stress tensor Pl. For any instant t, such 
condition s can be expresse d mathematical ly as 
Fðx; tÞ ¼ 1
Vl
Z
Xl
Flðy; tÞdV and Pðx; tÞ ¼ 1Vl
Z
Xl
Plðy; tÞdV ; ð1Þ
where Vl is the volume of the RVE with domain Xl, associated to 
the point x in its referenc e conﬁguration and y the local RVE coordi- 
nates. Models of the present type can be found, for instance, in ref- 
erence s de Souza Neto and Feijóo (2010), Saavedra Flores and de 
Souza Neto (2010) and Mishnaevsk y (2007).
At this point, it is important to mention that in the context of 
this work, the term microscopic refers to the ultrastructural scale,
that is, to the level of the fundamenta l chemical constituents in 
wood; and the term macrosco pic refers to the scale of a few tens 
of micrometer s.
Further, it is possible to decompo se the displacemen t ﬁeld ul as
a sum of a linear displacemen t ðFðx; tÞ  IÞy and a displacemen t
ﬂuctuation ﬁeld ~ul. The displacemen t ﬂuctuations ﬁeld ~ul repre-
sents local variations about the linear displacemen t and depends 
on the presence of heterogenei ties within the RVE.
By taking into account the Hill-Mandel Principle of Macro- 
homogen eity (Hill, 1965; Mandel and CISM Lecture Notes, 1971 ),
the equilibriu m equation for the RVE can be reduced to 
Z
Xl
Plðy; tÞ : rgdV ¼ 0; ð2Þ
with g represen ting the virtual kinemati cally admissib le displace -
ments ﬁeld of the RVE.
In order to make problem (2) well-posed, a set of kinematical 
constrain ts upon the selected RVE is required. In what follows,
the choice of this set will coincide with the widely used Periodic
boundary displacemen t ﬂuctuations model, typically associate d with 
the modelling of periodic media. Here, the fundamenta l kinemati- 
E.I. Saavedra Flores, M.I. Friswell / International Journal of Solids and Structures 50 (2013) 2050–2060 2053cal assumption consists of prescribing identical displacemen t ﬂuc-
tuation vectors for each pair of opposite points fyþ; yg on the RVE 
boundary @Xl, such that:
~ulðyþ; tÞ ¼ ~ulðy; tÞ 8fyþ; yg 2 @Xl: ð3Þ
With the RVE response descri bed by a generic local dissipativ e con- 
stitutive theory, the microscopic ﬁrst Piola-Kirch off stress tensor Pl
is a functiona l of the history of Fl. This can be symbolically ex- 
pressed as 
Plðy; tÞ ¼ PyðF tlðyÞÞ; ð4Þ
where the functiona l Py associated with point y maps the deforma- 
tion gradient history , F tl, up to time t, into the ﬁrst Piola-Kirch off 
stress tensor Pl at time t. In view of the decomp osition of the dis- 
placemen t ﬁeld ul and the constitut ive assumption (4), the expres- 
sion of the virtual work principle in (2) can be expressed as 
GðF; ~ul;gÞ 
Z
Xl
Pyf½Fðx; tÞ þ r~ulðy; tÞtg : rgdV ¼ 0; ð5Þ
where we have deﬁned G as the large strain virtual work functiona l.
Equation ð5Þ deﬁnes the microscopic equilibrium problem stated as 
follows (de Souza Neto and Feijóo, 2010 ): Given the history of the 
macrosco pic deformation gradient F ¼ Fðx; tÞ, at a point x of the 
macro-c ontinuum, ﬁnd a microscop ic displace ment ﬂuctuation ﬁeld
~ul, such that for each instant t, Eq. (5) is satisﬁed for any virtual 
kinemati cally admissib le displace ments ﬁeld g.4. Two-dimension al multi-scale ﬁnite element model 
In this section, we consider the fully coupled two-scal e ﬁnite
element modellin g of wood at the ultrastructu ral scale, subject to 
in-plane tensile loading conditions. As commented above, the com- 
putational homogenisati on scheme adopted here corresponds to the 
periodic boundary displacemen t ﬂuctuations model (de Souza Neto 
and Feijóo, 2010 ), typically associated with the modelling of 
(heterogeneous) periodic media. A non-commerci al code imple- 
mented in Cþþ and Fortran has been used to carry out all of the 
multi-scale ﬁnite element simulations .
The procedure described in the following consists of modellin g
the mechanical response of wood at the ultrastructu ral scale by 
means of one single layer, with cellulose ﬁbres oriented in one 
single direction. However, for the particular case of modelling 
the S2-layer, the resulting (homogenised) mechanical response 
can be considered representat ive enough of the mechanical re- 
sponse of the entire wood cell-wall. This assumpti on makes sense,
since the S2-layer amounts to about 80–90% of the total cell-wall 
volume (Hofstetter et al., 2005 ), representing the principal element 
controlling the strength in the wood cell.
We must note that, as a ﬁrst step in the modelling process, a
uniform MFA is assumed in all our numerical simulations . Never- 
theless, a more realistic description should consider the natural 
stochastic variation of the MFA through the whole wood cell-wall ,
particularly in the modelling of very large areas, with the possible 
presence of pits and defects. Here, we remark that the consider- 
ation of such variations is perfectly possible within the proposed 
methodology . We would only have to deﬁne RVEs with the same 
geometry but with a different MFA at each Gauss integration point 
of the macroscopic FE mesh. At this point, the reader should keep 
in mind that the considerati on of such randomness would imply a
signiﬁcant computational cost due to the need to solve a large set 
of microscopic boundary value problems at each Gauss point level.4.1. Microscopi c scale 
The (microscopic) RVE consists of a two-dimensional periodic 
arrangem ent of crystalline and amorphous cellulose ﬁbres embed- 
ded in the hemicellulose- lignin matrix. Fig. 2 shows a typical RVE 
ﬁnite element mesh adopted for the computati onal homogen isa- 
tion of the microstru cture. It contains 4768 F-bar four-nod ed quad- 
rilateral elements with a total number of 4950 nodes. To eliminate 
volumetr ic locking, the F-Bar methodology (de Souza Neto et al.,
1996) is adopted throughout. For all of the ﬁnite element analyses 
we assume plane strain condition s under large strains regime.
The crystalline cellulose is assumed to be elastic. The amor- 
phous cellulose and the hemicellul ose-lignin matrix are modelled 
by means of a von Mises law. For details about the mechanical 
propertie s of the basic constituents, we refer to Section 2.
Under moist conditions, wood displays remarkable features,
particular ly suitable for the study of internal mechanisms present 
in the cell-wall. For instance, compression wood cells are character- 
ised by a low content of cellulose which results in low overall stiff- 
ness, and by large MFAs that, under wet condition s, may vary 
substanti ally under tensile loading. In order to investigate these 
compliant mechanism s in wood, we assume moist conditions in 
the material deﬁnition such that large deformat ions may be 
allowed before failure. Here, we emphasise that, since we do not 
know the exact content of moisture correspondi ng to the mechan- 
ical properties chosen for hemicellulos e (refer to Section 2), we 
cannot provide a numeric value for the moisture content in the 
present numerical simulations.
4.2. Macrosco pic scale 
The macroscopic problem consists of a 10 lm  10 lm portion 
of material whose constitutive law is deﬁned by the computational 
homogen isation of the above microstructure. Since we are inter- 
ested in the mechanical response of the material, one single F-bar 
four-nod ed quadrilater al element is adopted to determine the ac- 
tual tensile strain state at a macroscopic Gauss-point as illustrate d
in Fig. 3. We note that the same approach was used by Govaert et 
al. (2001) to investigate the time-dep endent failure behaviour of 
off-axis loaded composites. Appropriate boundary constraints are 
imposed on the element as shown in Fig. 3. In addition, since the 
in-plane shear strain is prevented in the wood cell-wall composite 
due to the interlocking between two or more adjacent cells in the 
wood tissue (Keckés et al., 2003 ), the shear deformation is also pre- 
vented here by enforcing identical displacements in the x-direction
at the two nodes on the left of the element (in all of the cases, x and
y-axes coincide respectively with the horizontal and vertical direc- 
tions). We also note that for single cells under tensile loading, the 
torsional rotation can also be prevented by the tensile testing device 
(Marklund and Varna, 2009; Saavedra Flores et al., 2011 ).
The loading programme consists of applying a prescribed dis- 
placemen t in the y-directio n, sufﬁciently large to fail the material.
The total prescribed displacemen t is applied in 20 incremental 
steps. However , when no convergence is detected in the solution 
of the RVE equilibrium problem at any macrosco pic Gauss-point,
smaller load incremen ts are taken to ensure the success of the 
whole macroscopic loading programme. We remark that during 
each load step of the fully coupled two-scale analysis the macro- 
scopic equilibrium problem is solved simultaneou sly with 4 RVE 
equilibriu m problems at the macroscopic Gauss-point level (refer
to Fig. 3 for further details).
4.3. Failure mechanism s
In this investigatio n, the total failure of wood at the ultrastruc- 
tural scale is assumed to be associated with the local failure of one 
Fig. 2. Typical RVE ﬁnite element mesh adopted for the computational homogenisation of wood at the ultrastructural scale.
Fig. 3. Macroscopic ﬁnite element mesh adopted for the computation of the actual 
tensile strain state at a Gauss-point.
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hemicellulos e-lignin matrix). When the (microscopic) strain ex- 
ceeds the maximum value or ultimate strain in at least one of 
the constituents, the whole cell-wall composite is assumed to have 
failed and the correspondi ng numerical simulation is stopped.
We remark here that other more sophisticated failure criteria 
based on continuum damage mechanics models (Lemaitre and 
Chaboche, 1990 ) could be adopted instead. However, the need 
for more experimental information in the basic constituents of 
wood about speciﬁc material parameters for each of these damage 
mechanics models makes this alternative unfeasible at present.
Furthermore, the main philosophy of homogenisation- based mul- 
ti-scale techniques is to adopt very simple phenomeno logical mod- 
els at the microscopic level to obtain complex and possible 
intricate mechanisms of deformation at the macroscopic scale of 
difﬁcult representat ions by means of conventional internal vari- 
able-based phenomeno logical models.
The following potential mechanisms of failure are suggested in 
this investigation. The ﬁrst failure mechanis m is associated to the 
longitudina l straining of the crystalline cellulose fraction. In this 
particular failure mode, the longitudina l tensile strain in the crys- 
talline cellulose reaches the ultimate strain of 0.0014 (refer to Sec- 
tion 2). For each load step, the longitudina l tensile strain is 
computed in the crystalline fraction of the microscopic ﬁnite ele- 
ment mesh as the change in length per unit reference length.
The second potential mechanism of failure is the accumulation 
of irreversibl e deformation in the amorphous fraction of cellulose.
Due to the rotation of the cellulose ﬁbres during their alignment 
with respect to the loading direction (Kölln et al., 2005; Eder 
et al., 2008; Gindl et al., 2008 ), the amorphous cellulose content 
may undergo a considerable amount of shear irreversible deforma- 
tion. In order to quantify the strain state, we volume average the 
equivalent plastic strains over all the elements which constitute 
the amorphous fraction of cellulose in the microscopic mesh. From 
the mechanical properties commented in Section 2, it is straight- 
forward to estimate a value for the ultimate plastic strain of the amorpho us cellulose. This ultimate value can be computed as 
epult : ¼ eult:  ry=E ¼ 0:14  0:104=10:42 ¼ 0:13. Therefore, the con- 
dition of failure is assumed to occur when the volume averaged 
equivalent plastic strain reaches the value of 0.13.
A third type of failure mechanism can occur under a dominant 
state of tensile deformation in the hemicellulos e-lignin matrix,
which is normally represented by the condition of cellulose ﬁbres
separation. Here, the failure is assumed to occur when a maximum 
total tensile strain of 0.15 is found (refer to Section 2). The total 
tensile strain is calculated at each load step as the change in length 
perpendi cular to the crystalline cellulose ﬁbre (in order to quantify 
the separation of ﬁbres) per unit reference length. We note that a
similar mechanis m of deformation has been considered in refer- 
ences Altaner and Jarvis (2008) and Jarvis and assembly (2009)
when modelling the separation of microﬁbrils in the wood cell- 
wall under tension.
Failure modes associated with shear deformation in the hemi- 
cellulose- lignin matrix are not considered here due to the self- 
healing mechanism existing in the matrix (refer to Section 2 and
also to reference Keckés et al. (2003) for further details). In addi- 
tion, debonding (which is a characteristic mode of failure in metal- 
lic composites) between the cellulose ﬁbres and the hemicellulos e- 
lignin matrix is unlikely to occur in the wood cell-wall because of 
the highly compliant mechanisms of deformation develope d in the 
matrix and therefore, is not taken into account in this study.5. Validation of the model 
Our purpose in this section is to validate the present multi-sca le 
model with published experimental data. All the considerations 
made in Section 2, in terms of material propertie s, volume fractions 
and microstructural features are taken into account. Furthermore,
the considerations of modelling and failure mechanism s described 
in Section 4 are also applied here. For all the cases, the variation of 
the MFA during straining is computed at each load step as the cur- 
rent orientation of the crystalline fraction of cellulose with respect 
to tensile loading axis. Similarly, the macroscopic strain is calcu- 
lated at each load step as the current prescribed displacemen t di- 
vided by the initial length.
We remark here that all our numerica l predictio ns should be 
viewed carefully, particularly those microscop ic mechanism s that 
have not yet been conﬁrmed experime ntally.5.1. Tensile test of compression wood tissue of Norway spruce 
A ﬁrst experiment is considered here to validate the model. The 
experime ntal work has been reported by Keckés et al. (2003) for a
tensile test of compression wood tissue of Norway spruce (Picea
abies (L.) Karts.) in wet condition s. The initial MFA considered in 
the experime nt and in our numerica l simulatio n is 45 :7.
Fig. 4 shows both the experimental variation of the MFA and the 
result obtained from the present multi-scale model. The general 
trend of both curves is almost linear with a reasonable agreement 
Fig. 5. Variation of MFA in compression wood tissue of Cryptomeria Japonica under 
tensile straining. Experimental curve (Kamiyama et al., 2005 ) and numerical 
prediction.
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ing up to a macrosco pic strain of 0.11.
At the instant of failure, the experimental data reveals an ulti- 
mate strain of 0.182 and an orientation of the crystalline cellulose 
ﬁbre of 35 , with respect to the tensile loading axis. The predicted 
values by the present multi-scale model are 0.183  and 36 :86 for
the ultimate strain and ﬁnal MFA respectively, which is in good 
agreement with the experime ntal values. Further investigatio n of 
the numerical results suggests that the local failure mechanism is 
triggered by the accumulati on of irreversible deformation in the 
amorphous cellulose fraction. This result is consistent with the 
conclusions drawn in reference Saavedra Flores et al. (2011), in 
which it was suggested for the same wood sample a failure mech- 
anism associate d to the inelastic yielding of the amorphous portion 
of cellulose ﬁbres.
We emphasis e that, in our analysis, we assume the cell-wall to 
be free from pits or defects over the length of individual cells. This 
assumption could be questionabl e due to the existence of micro- 
scopic imperfections and variability in the MFA along wood cells 
(Navi, 1995; Sedighi-Gila ni and Navi, 2007 ). However, due to the 
cell–cell interactions in wood tissue, an overall homogeneous 
deformation can be observed (Keckés et al., 2003 ) making this 
assumption reasonabl e.
5.2. Tensile test of compression wood tissue of Cryptomeria japonica 
We consider here a second experiment to validate our model.
The experimental work has been reported by Kamiyama et al.
(2005). It consists of a tensile test of compressi on wood tissue ob- 
tained from Cryptomeria Japonica in a wet state, with an initial 
MFA of 64 :2.
Fig. 5 shows the variation of the MFA for both the experiment 
and our numerical prediction. The original results published by 
Kamiyama et al. were expressed in terms of displacemen t. Here,
we consider an initial spacing of 10 mm between the chucks of 
the tensile testing device (Kamiyama et al., 2005 ) to express the re- 
sults in terms of axial strain.
The general trend of both curves is similar, coinciding with a
transition of the slope at about 8–9% strain, although the change 
in the experime ntal slope is more abrupt. The experimental values 
for the failure strain and ﬁnal orientati on of the microﬁbril are 
0.146 and 55, respectively . The corresponding values predicted 
by our multi-scale model are 0.155  and 55:17, for the strain 
and MFA at the instant of failure, respectively , revealing good pre- 
dictive capabiliti es of our proposed model.
An investigation of the numerical results shows that the local 
failure mechanism occurs in the amorphous cellulose portion (with
an accumulate d plastic strain of 0.13). At this level of deformation ,
a large tensile strain is found in the matrix due to the large initial Fig. 4. Change of MFA in the cell-wall under straining. Tensile experiment (Keckés
et al., 2003 ) in compression wood tissue of Norway spruce and numerical simulation.MFA. Here, the tensile strain associated with the cellulose ﬁbres
separation is 0.12, but is still below the ultimate limit of 0.15 to 
represent the rupture of the matrix.
As commented before, one interesting feature of the above 
graph is the change of the slope, particular ly for (macroscopic)
strains between 0.07 and 0.09. A physical interpretation for the 
change of this slope is provided in the following . For small strains 
up to about 0.06, the main mechanism of deformation is the sepa- 
ration of cellulose ﬁbres, moving away from each other. During this 
deformat ion process, the (amorphous-crystalline) cellulose ﬁbres
keep relatively straight, and change their orientation slightly. As 
the strain progresses, the cellulose ﬁbre begins to bend locally 
about its amorphous portion, due to the large accumulation of irre- 
versible deformation in this region. At about 0.08 strain, the whole 
amorpho us-crystalline cellulose ﬁbre starts to lose its straightness 
and the localised curvature in the amorphous region becomes 
noticeab le. Given the non-uniform changes in the orientation of 
the cellulose ﬁbres, the crystalline fraction shows a larger align- 
ment with respect to the loading direction than its amorpho us 
counterpart and therefore, the MFA reduces accordingly, resulting 
in the progressive change of the slope of the curves shown in Fig. 5.
After increasing the strain over 0.12, the localised curvature be- 
comes much more visible and eventually, at the instant of failure,
the excessive localised bending of the cellulose ﬁbres, interpreted 
here as a plastic hinge , triggers the rupture of the material. Fig. 6
shows the numerical simulation of this particular deformat ion 
mechanis m at the instant of failure. We note that this failure 
mechanis m is similar to that found in the plastic collapse of steel Fig. 6. Deformed shape of the RVE ﬁnite element mesh at the instant of failure. The 
numerical simulation reveals the formation of a plastic hinge between contiguous 
crystalline fractions of cellulose.
Fig. 8. Reorientation of cellulose ﬁbres in wood under tensile loading conditions.
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ject to large bending.
The above particular mechanism of failure is consisten t with the 
mechanism of microcompr ession reported experime ntally by Page
et al. (1969, 1971, 1990), and supported by Haslach (1996, 2000)
with estimates based on published experimental data. These previ- 
ous works were carried out in the context of wood pulp ﬁbres in 
paper, when investigatin g its drying process starting from wet ini- 
tial conditions. Haslach (1996) suggested the hypothesis that the 
mechanism of microcompres sion formation in paper involves 
bending of the amorphous regions between the crystalline cellu- 
lose ﬁbrils while these ﬁbrils remain unbent.
5.3. Ultimate tensile strains for a wide range of MFAs 
Fig. 7 illustrates the maximum (macroscopic) strains obtained 
from our multi-scale ﬁnite element model at the instant of failure 
along with some experime ntal values reported for a wide range of 
initial MFAs.
Despite the large scatter found in the mechanical propertie s of 
wood, our numerica l model reveals a reasonably good agreement 
with the reported data. For a very small initial MFA, equal to 5,
our numerical model predicts an ultimate strain of 0.013, which 
is very similar to the experimental value reported by Peura et al.
and Reiterer et al., as shown in Fig. 7. Similarly, for a MFA close 
to 20 , our model predicts an ultimate strain of 0.02, which is in 
good agreement with the result provided by Reiterer et al., for 
the same initial MFA. We note that, the results shown in Fig. 7 have
been calculated with a volume fraction of cellulose equal to 50%
(following references Bergander and Salmén (2000, 2002) for
S2-layer) when the MFA is smaller or equal than 20 . For larger 
MFAs, we have adopted a value of 30% (Timell, 1982, 1986 ).
For larger MFAs, between 20  and 45 , our numerical results 
match the experimental data reasonably well. We emphasise the 
almost perfect matching with those values calculated for initial 
MFAs close to 45 , when compared with Burgert et al. (2006) and
Keckés et al. (2003). In fact, the exponential trend described by 
our multi-scale model coincides qualitatively with the trend 
shown by the experimental data, with small fracture strains for 
small MFAs and with larger strains for MFAs approaching 45 .
We note that the published experime ntal data for MFAs larger 
than 45  is very scarce. When compared to the value reported by 
Reiterer et al., for an MFA close to 50 , our model overestimates 
the response with an ultimate strain of about 0.28. However, when 
compared to the fracture strains published by Burgert et al. and 
Kamiyama et al., our proposed model provides an almost perfect Fig. 7. Ultimate tensile strains versus the MFA. Numerical predictions and some 
experimental results obtained from References Burgert (2006), Kamiyama et al.
(2005), Keckés et al. (2003), Reiterer et al. (1999), Peura et al. (2006), Burgert et al.
(2002) and Wang et al. (2011).matching. We note here that because of the lack of experimental 
tensile tests on samples with large MFAs, we took the experime ntal 
result of Burgert et al. (2002) for compression wood samples iso- 
lated through a soft chemical treatment with initial MFA between 
50 and 60  (in this work, we take an average value of 55).
Unfortunate ly, tensile experiments on wood samples with 
MFAs larger than 65  have not been reported to the best of our 
knowled ge. Therefore, more information on fracture strains as 
function of the MFA is needed here, probably on tissue of the 
S1-layer, in which the MFA is near 90  (Brändström, 2004 ).
As suggested by Reiterer et al. (1999), one of the main reasons 
for larger ﬁbrillar angles in the wood cell wall is the optimisa tion 
of extensibility. For instance, the ability to develop large deforma- 
tions is a fundamental feature in the branches of a tree. In order to 
allow large strains without failure, plants have evolved in time by 
adapting their microstructur e to withstand mainly wind loads,
self-weight and snow. At the same time, their microstructur e must 
facilitate growth strains and adaptation to environmental condi- 
tions. For example, compressi on wood cells are typical ﬁbres which 
can be found in branches of conifers. Normally, their MFA is larger 
than 45  (Barnett and Bonham, 2004 ). Burgert et al. reported initial 
MFAs for compression wood cells between 50  and 60  (Burgert
et al., 2002 ). Reiterer et al. (1999) and Gindl et al. (2004) published
a value of 50 . Burgert et al. (2007) determined by X-ray scattering 
a value of 52 . Remarkably , by observing Fig. 7, we can ﬁnd that our 
model predicts the maximum ultimate strains within this interval,
at about 50–55. Any initial MFA out of this range will result in a
smaller ultimate strain and therefore, in reduced extensibility.
Conseque ntly, our model is able to provide new clues into the 
understa nding of how trees and plants optimise their microstru c- 
ture in order to develop larger strains without apparent damage.
The requiremen t of extensibility is of paramount importance when 
the material is deformed by the combined action of internal 
growth processes and environmental loading conditions.
6. Numerical results 
In this section we present the numerical results obtained from 
our ﬁnite element simulations . We study the reorientatio n of cellu- 
lose ﬁbres during tensile straining, and the associated mechanism s
of deformat ion and failure for different initial conditions.
6.1. Reorientati on of cellulose ﬁbres
Fig. 8 shows the numerical predictions for the variation of the 
MFA. As expected, we can observe here no variation in the orienta- 
tion of ﬁbres for the initial MFA ¼ 0 and 90 . In the particular case 
of MFA ¼ 0, the amorpho us-crystalline cellulose ﬁbres are aligned 
with the tensile loading direction and conseque ntly, the failure is 
Fig. 9. Normalised strains associated with the three mechanisms of deformation for 
an initial MFA ¼ 0 .
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maximum longitudina l elastic strain of 0.0014).
The above failure mode remains dominant for angles smaller 
than 30 , approximat ely. For the particular initial MFA ¼ 30, the 
accumulation of irreversible deformation in the amorphous cellu- 
lose fraction becomes dominant with respect to the other mecha- 
nisms of deformation .
For MFA ¼ 45, the general trend is almost linear with a total 
angular variation of 8:4, accordin g to Fig. 8. Here, the mechanism 
of failure is related to the accumulation of irreversible deformation 
in the amorphous portion of the cellulose. After an inspection of 
the numerical results, it is also interesting to observe local tensile 
deformation in the matrix in the perpendicular direction to the ﬁ-
bres, at the beginning of the loading programme, revealing a preli- 
minary process of ﬁbres separation.
For MFAs larger than 70 , the dominant mechanism of failure 
begins to change into larger amounts of tensile deformat ion in 
the matrix due to the excessive separation of cellulose ﬁbres.
As commented in Section 4, we note that in all our ﬁnite ele- 
ment simulatio ns, we have considered uniform MFAs through the 
whole cell-wall . We believe that this approximation is sufﬁciently
valid since the actual portion of material we are modelling is small 
enough to neglect the small variations in the MFA. Nevertheless, in 
a much larger portion of material, the modelling of the natural ran- 
domness could have a considerable impact on the overall mechan- 
ical response.
6.2. Normalised strains associated to the main mechanism s of 
deformation
In order to gain further insight into the evolution of the three 
mechanism s of failure considered in this work – axial straining 
of the crystalline cellulose, plastic strain in the amorphous cellu- 
lose portion and tensile rupture in the matrix by the separation 
of ﬁbres – we proceed to normalis e the local strains associated 
with these three mechanism s by their ultimate values (at the in- 
stant of failure). That is to say, the axial strain in the crystalline cel- 
lulose fraction is normalis ed by its ultimate tensile value of 0.0014.
The accumulated plastic strain in the amorpho us portion of cellu- 
lose is normalised by 0.13 and the local strain associate d to ﬁbres
separation is divided by 0.15. Conseque ntly, a normalised strain 
equal to 1.0 will describe the instant of failure of the material.
As shall be seen later in this section, we note that for very large 
MFAs, the crystalline cellulose ﬁbres may undergo large axial com- 
pression. Haslach estimated the critical buckling stress of a simply 
supported crystalline cellulose portion with average dimensions ,
equal to 206.6 MPa (Haslach, 1996 ). If we consider the elastic mod- 
ulus of 134 GPa for the crystalline fraction, we can estimate that its 
critical compress ive strain is 0.00154. Although this strain is 
slightly higher than the tensile limit of 0.0014, it is close enough 
to assume the same limit value for either compression or tension.
Since a higher limit results in lower normalised strains, we proceed 
to normalise the local strains in the crystalline fraction by the 
smaller value of 0.0014, either for compression or tension, in order 
to avoid ignoring possible local failures attributed to excessive 
compression .
In the following, the evolution of these three normalised strains 
are investiga ted for three representat ive (initial) MFAs. These are:
0, 45  and 90 .
Fig. 9 illustrate s the variation of the normalised strains for an 
initial MFA ¼ 0. From the graph, it is possible to observe that 
the dominant mechanism of deformation is related to the axial 
straining of the crystalline cellulose ﬁbres. As expected, the mech- 
anism of ﬁbres separation is virtually absent during the loading 
programme, showing only little negative values as a consequence 
of the overall Poisson effects in the composite.Fig. 10 shows the variation of the normalised strains for an ini- 
tial MFA of 45 . It is observed here that the axial straining of the 
crystalline cellulose is the dominant mechanism of deformat ion 
for the early stages of deformation. However, after 10% (macro-
scopic) strain, its correspondi ng normalised strain becomes con- 
stant. As the macroscopic strain progresse s, the normalis ed strain 
associate d to the mechanism of plastic dissipatio n in the amor- 
phous cellulose increases, and after 13.5% strain, it dominates the 
another two deformation modes. At 17.5% strain, this mechanism 
of deformat ion triggers the failure of the material.
As commented in Section 6.1, it is also interesting to observe the 
change in the sign of the normalised strain associate d with the 
mechanis m of cellulose ﬁbres separation. At 5% macroscopic strain,
a change in the sign of the local deformation begins to reveal an 
increasing reduction of the distance between ﬁbres, attributed to 
the progressive alignment of the ﬁbres with respect to the loading 
direction.
The graph of Fig. 11 shows the variation of the normalis ed 
strains for an initial MFA ¼ 90. We note that a portion of material 
with this angle could represent the S1-layer. This graph reveals that 
the failure occurs by the rupture of the hemicellul ose-lignin ma- 
trix. Nevertheles s, the amount of axial compression observed in 
the fraction of crystalline cellulose is very large and very near 
the failure of the material (with a corresponding normalised strain 
of 0.96). Due to the natural scatter found in the mechanical prop- 
erties of wood, this marginal difference between the maximum 
normalis ed strain associated with the mechanisms of ﬁbres sepa- 
ration and compressive straining in the crystalline cellulose could 
result in a failure triggered by any of these two deformat ion 
modes. Again, more experimental information in the basic constit- 
uents of wood is needed here (particularly on the compress ive 
strength of crystalline cellulose and on the tensile rupture of hemi- 
cellulose- lignin matrix) in order to describe accurately the sequen- 
tial order of failure mechanis ms for very large initial MFAs in 
wood. In any case, a greater compressive strength should be ex- 
pected in the crystalline portion of the cellulose, due to the conser- 
vative condition of simple supports considered by Haslach (1996)
in the study of microcompres sion (Page et al., 1969; Page, 1971;
Page, 1990; Haslach, 1996; Haslach, 2000 ) (which results in the 
smallest possible critical stress).
6.3. Inﬂuence of the matrix Young’s modulus on the mechanical 
response
Here we investigate the inﬂuence of the hemicellulose- lignin 
matrix Young’s modulus on the microscopic stress response of 
the cell-wall. This study is motivated by the high depende nce of 
the hemicellulose Young’s modulus on changes in the moisture 
Fig. 10. Normalised strains associated with the three mechanisms of deformation 
for an initial MFA ¼ 45 .
Fig. 11. Normalised strains associated with the three mechanisms of deformation 
for an initial MFA ¼ 90 .
Fig. 12. Variation of the matrix Young’s modulus and its inﬂuence on the stress 
response of the material.
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hemicellulos e varied by almost 100 times, from 2 GPa in a dry state 
to 0.02 GPa under moist condition s. Similarly, Cousin (1978) re-
ported a variation between 8 and 0.01 GPa, from the nearly dry 
state to nearly saturated conditions, respectivel y. Thus, considering 
the hydrophobi c nature of lignin, it is reasonable to assume a range 
of variation for the matrix Young’s modulus under a natural mois- 
ture content, of between 0.2 and 0.85 GPa. For the purpose of this 
study, we choose the following Young’s modulii: E ¼ 0:2, 0.4 and 
0.85 GPa, and we analyse how these three different values modify 
the stress response in the material. The initial MFA is assumed to 
be 45  in all our simulatio ns. The rest of the material parameters 
are kept constant in the model.
Fig. 12 shows the stress–strain curves obtained for the different 
values of Young’s modulus considered here. In the correspondi ng 
graph, it can be seen that the cell-wall mechanical response is al- 
tered by changing the matrix Young’s modulus only at the begin- 
ning of the deformation process. Further, it can be noticed that the 
overall mechanical response is virtually unaffected after 5% strain.
For these three cases analysed, the dominant mechanism of 
deformation coincides with the inelastic yielding of the amorphous 
cellulose fraction. Similarly, the levels of strain and stress at the in- 
stant of failure show little variation for these changes in the matrix.
We emphasise the fact that the variation of the Young’s modu- 
lus in the matrix is intrinsically related to changes in the moisture 
content of the material. It is expected, therefore, that other 
mechanical properties in the material should be affected simulta- 
neously by these changes. We note that for drier conditions, the re- 
sponse of the material should change signiﬁcantly, particular ly by 
the reduction of total strains and dissipative processes during deformat ion. We also note that swelling effects are not considered 
in this study. We assume that the moisture state is constant in each 
numerica l experiment and therefore, no changes of volume due to 
moisture ﬂuctuations are considered here.
7. Conclusion s
This paper has investigated the deformation and failure mecha- 
nisms of wood at the ultrastructu ral scale by means of a computa- 
tional multi-scale approach. Three potential mechanism s of failure 
have been suggested under tensile loading conditions. These are:
axial straining of the crystalline cellulose fraction, accumulation 
of plastic strain in the amorpho us portion of cellulose and tensile 
rupture in the hemicellulos e-lignin matrix due to cellulose ﬁbres
separation. Our numerical predictions for the reorientatio n of cel- 
lulose ﬁbres and ultimate strains in the material have been vali- 
dated successfu lly with published experimental data. For initial 
MFAs smaller than 30 , the dominant mechanism of failure is re- 
lated to the axial tensile straining of the crystalline cellulose 
whereas for very large MFAs, over 70 , the prevailing failure mode 
is associated with the tensile rupture of the matrix due to the sep- 
aration of cellulose ﬁbres. For intermediate values of MFA, the fail- 
ure mechanism is associate d with the inelastic yielding of the 
amorpho us portion of cellulose. A remarkabl e predictio n by our 
model has suggested that the ultimate strain, and consequentl y
the extensibility of the material, is maximised for initial MFAs be- 
tween 50  and 55, a range of values found typically in branches of 
trees, in which the extensibility is an essential requiremen t. Conse- 
quently, the present multi-scale model has been able to provide 
new clues into the understanding of how trees and plants optimise 
their microstructure in order to develop larger strains without 
apparent damage. Furthermore, for an initial MFA close to 65 ,
our model has predicted a failure mechanism associated with the 
excessive localised bending of the cellulose ﬁbres, interpreted here 
as a plastic hinge which triggers the rupture of the material. These 
ﬁndings are likely to shed more light into the dissipative mecha- 
nisms of wood and natural materials , which are still not well- 
understo od at present.
We believe that the present modelling strategy, with the appro- 
priate support of experime ntal work, can provide a robust platform 
for further investigations with a particular view to clarify unsolved 
issues with the microscop ic dissipative mechanisms, and their 
inﬂuence on the macroscopic response, which still remain open 
at present.
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